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Scanning tunneling microscopy (STM) and spectroscopy (STS) in combination with density functional theory
(DFT) calculations are employed to study the surface and subsurface properties of the metastable phase of
the phase change material Ge2Sb2Te5 as grown by molecular beam epitaxy. The (111) surface is covered
by an intact Te layer, which nevertheless allows to detect the more disordered subsurface layer made of Ge
and Sb atoms. Centrally, we find that the subsurface layer is significantly more ordered than expected for
metastable Ge2Sb2Te5. Firstly, we show that vacancies are nearly absent within the subsurface layer. Secondly,
the potential fluctuation, tracked by the spatial variation of the valence band onset, is significantly less than
expected for a random distribution of atoms and vacancies in the subsurface layer. The strength of the fluctuation
is compatible with the potential distribution of charged acceptors without being influenced by other types of
defects. Thirdly, DFT calculations predict a partially tetrahedral Ge bonding within a disordered subsurface
layer, exhibiting a clear fingerprint in the local density of states as a peak close to the conduction band onset.
This peak is absent in the STS data implying the absence of tetrahedral Ge, which is likely due to the missing
vacancies required for structural relaxation around the shorter tetrahedral Ge bonds. Finally, isolated defect
configurations with a low density of 10−4/nm2 are identified by comparison of STM and DFT data, which
corroborates the significantly improved order in the epitaxial films driven by the build-up of vacancy layers.
I. INTRODUCTION
Phase change alloys are commercially used for optical
data storage (DVD-RW, Blu-ray Disc) and for electrically ad-
dressable phase-change random-access memories (PC-RAM)
[1, 2]. They typically exploit the large contrast in electrical
conductivity and optical reflectivity between the amorphous
and the metastable rock-salt phase of materials based on Ge,
Sb and Te such as Ge2Sb2Te5 (GST-225) [3–6]. The switch-
ing between the amorphous and the metastable phase favor-
ably can occur within nanoseconds [7, 8] and at an energy
cost down to 1 fJ for a single cell [9].
Further optimization, in particular of the PC-RAM appli-
cation, requires a more detailed knowledge on the mecha-
nisms leading to phase change and electrical contrast. This
should eventually expose structure-property relationships to
be employed for the optimization of materials and their com-
bination into novel types of composites [10]. The ongo-
ing miniaturization of cells, though, increases the influence
of surfaces and interfaces, which might be different from
their bulk counterparts in terms of the atomic arrangement
[11, 12]. Hence, the atomic structure and the resulting prop-
erties in these distinct areas must be explored in detail, too.
Adequate tools are transmission electron microscopy (TEM)
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[13], atom probe tomography [14, 15], and scanning probe
microscopy [16, 17]. Among these, scanning tunneling mi-
croscopy (STM) and spectroscopy (STS) provide the advan-
tage that the electronic density of states (DOS) close to the
Fermi level EF is probed simultaneously, down to the atomic
length scale with sub-meV resolution [18, 19]. This allows to
directly determine the corresponding structure-property rela-
tionship between atomic arrangement and electronic structure
in real space. The probed local DOS, portraying the electronic
structure, is dominated by the surface layer, but is also influ-
enced by deeper layers [20].
Here, we explore STM and STS on the prototype phase
change material GST-225 [1, 11], grown epitaxially by molec-
ular beam epitaxy (MBE) [21–25]. This provides the first
STM study on single crystalline phase change materials. High
surface quality without contaminations is achieved either by
transferring the samples by an ultra-high vacuum (UHV) shut-
tle to the STM [26] or via cleaning them by a dip in deionized
water prior to the insertion into the STM chamber [27].
It is known from X-ray diffraction (XRD) that our epitaxial
films grow in the technologically relevant metastable phase
[28]. Conventionally, this phase features the cubic rocksalt
structure with alternating layers of Te and of a disordered mix-
ture of Ge, Sb and vacancies (Vcs). Both layers are hexago-
nally close-packed [29–31]. The layers are stacked in ABC
order along the [111] direction of the rock-salt structure [32–
34]. A partial ordering in between the mixed Ge/Sb/Vc lay-
ers, however, leads to vacancy rich Ge/Sb/Vc layers and va-
cancy poor Ge/Sb/Vc layers within the epitaxial films. These
layers are partly stacked in a regular sequence, as deduced
from XRD and TEM [24]. This more ordered phase devi-
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2ates from the rocksalt structure and has recently been dubbed
the metastable vacancy-ordered phase [28]. Moreover, it
is known that the epitaxial films are strongly p-type doped
[35] with an unintentionally varying charge carrier density
p = (0.1−3) ·1026 m−3 [24, 26]. This doping is typically re-
lated to excess vacancies [36–38]. The epitaxial films also ex-
hibit a significantly improved mobility µ with respect to poly-
crystalline films prepared by magnetron sputtering, i.e., an in-
crease of µ by more than an order of magnitude [24, 26, 39].
Since µ of the polycrystalline films barely depends on grain
size [11, 39], this corroborates the improved order in the epi-
taxial films.
Here, we find, by comparison of STM and DFT data, that
the epitaxial films are Te terminated. Hence, the more inter-
esting disordered layer is the subsurface layer, which is more
difficult to access by STM and STS. Nevertheless, we observe
spatial fluctuations in STM and STS data which can be traced
back to the disordered subsurface layer.
Firstly, fluctuations of the onset of the valence band by
about 20 meV on the length scale of about 1−2 nm are found.
Surprisingly, these potential fluctuations can be reproduced
by a random distribution of screened acceptor potentials in
the bulk of the film, which provide the charge carrier density
p = 3·1026 m−3 as deduced from Hall measurements of iden-
tically prepared samples. This points to an increased order of
the subsurface region with respect to a completely disordered
distribution of Ge, Sb and Vcs, in line with previous findings
on the epitaxial films [24].
Secondly, we show by DFT calculations that a totally dis-
ordered subsurface layer exhibits tetrahedral bonding of Ge,
if the Ge is close to a Vc. Such tetrahedral bonding of Ge
surrounded by Vcs has been conjectured some time ago also
for the bulk of the GST-225 rock-salt structure by using elec-
tron microscopy and diffraction data in combination with DFT
results [40]. However, this interpretation has not been con-
firmed in subsequent works using TEM [31, 41, 42], XRD
[43, 44], extended X-ray absorption fine structure (EXAFS)
[45, 46] and more refined DFT calculations, partially com-
bined with molecular dynamics (MD) simulations [47, 48].
Interestingly, a nuclear magnetic resonance (NMR) study pro-
vided some hints for the presence of tetrahedral Ge within a
so-called nanocrystalline GST-225 phase, but not in its micro-
crystalline counterpart. This would imply an increased ten-
dency for tetrahedral bonding close to the surface of GST-225
[49]. Our DFT data reveal that if tetrahedral bonding were to
occur within the subsurface layer, this would lead to a clear
fingerprint in the electronic structure, viz. a peak at the con-
duction band onset in the local density of states (LDOS). This
peak has a strong s-type character and, hence, persists as a
peak within the LDOS up to 7 A˚ above the surface, imply-
ing that it should be observable by STS. However, within the
STS data, we do not find such a peak and, thus, rule out a
significant presence of tetrahedral Ge in the subsurface layer
of the epitaxial films. We attribute this finding to the reduced
presence of vacancies in the subsurface layer [24], which are
required for relaxation around the shorter tetrahedral Ge bond.
Finally, we compare the LDOS from DFT data of partic-
ular defect configurations with STM data. This reveals that
isolated defects are observable within our structure, probably
even defects being located several layers below the surface.
This would not be possible for a completely disordered sub-
surface layer due to the overlap of multiple different LDOS
fingerprints. Hence, again, we conclude that the subsurface
layer is partially ordered providing only a few defects. We re-
frain from an exact assignment of the found patterns in STM
images to atomic defect structures due to the large number of
possible configurations in a disordered hexagonal layer con-
sisting of three components.
II. SAMPLE PREPARATION AND STM/STS
EXPERIMENT
Thin GST-225 films (thickness: 20 nm) were grown via
MBE on a carefully cleaned Si(111) substrate at tempera-
ture T = 250 ◦C [21, 22, 35]. The substrates are primar-
ily prepared to reveal the Si(111)-7 × 7 reconstruction or the
Si(111)
√
3 × √3-Sb reconstruction using slightly different
protocols for substrate preparation [50]. Afterwards, GST-225
is deposited using distinct sources for each element. XRD re-
veals that the GST-225 films grow epitaxially exhibiting the
single crystalline, meta-stable phase with [111] surface. Twin
domains are deduced from XRD, i.e., adjacent areas of ABC
and CBA stacking of the hexagonal layers [35]. The samples
on the Si(111)-7 × 7 reconstruction additionally feature ro-
tational domains. An XRD peak indicating the formation of
vacancy layers is observed attributing the epitaxial films to the
metastable vacancy-ordered phase [24, 28].
STM and STS measurements are performed either using a
home-built STM operating in UHV at T = 9 K [51] or a
home-built room temperature UHV-STM setup [52]. Samples
probed at T = 9 K have been prepared on Si(111)
√
3 × √3-
Sb and are afterwards transferred by a UHV shuttle between
the MBE and the STM system at an average pressure p =
5 × 10−10 mbar. Samples probed at T = 300 K have been
grown on the Si(111)-7×7 reconstruction and are transported
under ambient conditions to the STM chamber, but are dipped
into de-ionized water for one minute directly before the in-
sertion into the UHV chamber (2 − 3 min before pumping
the load-lock). This procedure was followed by annealing at
200◦C in UHV for half an hour [27]. Both methods reveal
GST-225 surfaces free of oxides and other surface contamina-
tions as visible in the STM data and cross-checked by x-ray
photoelectron spectroscopy (XPS) and Auger electron spec-
troscopy. We did not observe any differences between the two
preparation methods also regarding the topographic STM im-
ages. Since surface oxidation starts already at ∼ 104 L of O2
[53], transfer in UHV or removal of the oxide is mandatory.
XPS is also used to cross-check the stoichiometry of the GST-
225 samples.
Topographic STM measurements are performed in
constant-current mode applying the voltage V to the sample.
As STM tips, we use ex-situ etched W wires, which are
additionally prepared in-situ by voltage pulses. To improve
the image quality, we employed a Gaussian smoothing of
the recorded images with a maximum lateral full width at
3half maximum of 0.6 A˚. We verified that the removed noise
does not contain atomic scale features and that the vertical
amplitude of the removed noise does not exceed 10 pm.
In order to directly compare consecutively recorded STM
images at different V , we applied a drift compensation using
point defects or kinks in step edges as track features.
To compare the constant current maps z(x, y) from exper-
imental STM images with calculated LDOS maps at constant
distance z from the surface, we partly convert z(x, y) into cur-
rent ISTM(x, y) as expected in constant-height mode using
[54, 55]
ISTM(x, y) = I0e
−2κz(x,y). (1)
The decay constant κ is determined from I(z) measurements
(I: measured current). We find κ = 9.4 nm−1 for the mea-
surements at T = 9 K and κ = 12 nm−1 for the measurements
at T = 300 K. The prefactor I0 is taken as a spatially constant
scaling factor.
We also estimate the absolute value of the tip-sample dis-
tance z by I(z) curves using the conductance quantum G0 =
2e2/h (h: Planck constant), which is assumed to be the con-
ductivity at the tip-sample contact point z = 0 A˚. This leads
to [56, 57]
z = − 1
2κ
ln
(
1
G0
I
V
)
, (2)
Spectroscopic dI/dV (V ) curves, which are proportional
to the LDOS(E) at energy E [54, 55, 58], are recorded
with open-feedback loop after stabilizing the tip-sample dis-
tance at current Istab and voltage Vstab. We use lock-in
technique with a sinusoidal modulation voltage of amplitude
Vmod = 5 meV, resulting in an energy resolution Eres =√
(3.3 · kBT )2 + (1.8 · eVmod)2 ≈ 10 meV (kB: Boltzmann
constant, e: elementary charge, T = 9 K) [58].
The dI/dV spectra are subsequently normalized twice.
Firstly, we remove the influence of the remaining low-
frequency mechanical vibrations [59]. In constant-current
mode, these vibrations are compensated by the feedback-loop.
Opening the feedback-loop, hence, stabilizes the tip-sample
distance at an uncontrolled phase of the oscillation. The on-
going oscillation then leads to a different average distance be-
tween tip and sample than intended. Consequently, the time
averaged current I(Vstab), which is recorded after opening
the feedback loop, differs from Istab. This effect is com-
pensated by dividing the recorded dI/dV (V ) by I(Vstab)
[59]. Secondly, the tip-sample distance at (Istab, VStab) de-
pends on the lateral position (x, y) due to the spatially vary-
ing LDOS(E, x, y) [58]. Since we are interested in the LDOS
probed at a spatially constant tip-sample distance z, we com-
pensate the varying z by independently recording I(z) curves
and the local z(x, y), i.e., a constant-current image. Divid-
ing dI/dV (V, x, y) by I(z(x, y)) rescales different dI/dV
curves, as if they have been measured at a constant z(x, y)
[20]. For the sake of simplicity, we call the doubly renormal-
ized curves dI/dVscaled(V ).
III. DENSITY FUNCTIONAL THEORY
DFT calculations without spin-orbit coupling (SOC) are
performed using the PBE-GGA parametrization [60] and the
VASP implementation [61–63] of the projector augmented
plane wave method [64] as described in more detail elsewhere
[26]. Ge 4s 4p, Sb 5s 5p, and Te 5s 5p states were expanded
into plane waves up to an energy cutoff of 250 eV, and k space
was sampled using a Γ-centered 1 × 1 × 3 grid (the Γ point
only) for bulk (surface) cells, respectively. Firstly, we mod-
eled the bulk of meta-stable rock-salt GST-225, where the Te
atoms are assumed to form a hexagonal, defect free layer al-
ternating with a hexagonal layer of Ge, Sb and vacancies in
random order (Fig. 3a). The hexagonal unit cell is repeated
5 × 5 × 1 times in the a × b × c directions. The so-obtained
supercell hosts three layers for Ge, Sb and vacancies, each
with 25 possible atomic sites, where 10 Ge, 10 Sb and 5 va-
cancies are distributed randomly, while the other sublattice is
filled with Te atoms. Finally, inversion symmetry with regard
to the cell center is imposed. We set up three different bulk
configurations each with a different randomized distribution
of Ge, Sb, and Vc. Furthermore, copies of these cells were
made with exchanged Ge and Sb positions. The six bulk mod-
els were structurally optimized while the cubic cell shape was
enforced. The bulk simulations are cross-checked by compar-
ison with experimental data. After relaxation, the bulk unit
cells have densities of ρmodel = 0.0311 − 0.0313 atoms/A˚3
(experiment: ρ = 0.033 atoms A˚−3 [65]) The rock salt lat-
tice parameters are amodel = 6.127 − 6.139 A˚ (experiment:
a = 6.0245(1) A˚ [66]). The small difference reflects the typi-
cal small underbinding within GGA based calculations [67].
The (111) surface is modeled by cutting symmetric slabs of
15 and 17 layer thickness for Te- and GeSb-terminated sur-
faces, respectively, from the relaxed hexagonal bulk cells fol-
lowed by additional relaxation of all atoms. Te-terminated
surfaces are mainly considered, as they are more stable by
about 50 meV/A˚2, as numerically validated for more ordered
unit cells previously [68].
For the calculations with SOC, we used the relaxed struc-
ture from the calculations without SOC and employed the full-
potential linearized augmented plane wave (FLAPW) method
[69] implemented in the FLEUR code (www.flapw.de), using
the same exchange-correlation functionals as described above.
Comparing the density of states (DOS) with and without SOC,
we find only a small reduction of the band gap due to the level
splittings by SOC. Notably, no topological surface states were
found in the gap, in contrast to more ordered configurations of
GST-225 [26, 35, 70].
Besides, we also employed DFT calculations with single
defects using the same code as described above without SOC.
As a starting configuration we used a 5 × 5 times repetition
of an ideal, defect-free GST-225 (0001) surface based on the
Kooi-de Hosson stacking [71] and implemented the defects by
removal or exchange of atoms prior to relaxation. The local
density approximation (LDA) was employed as our previous
work showed that the pure GGA does not yield reliable sur-
face energies for well-ordered GST-225(0001) surfaces [68].
We calculated the LDOS in vacuum to simulate STM and
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FIG. 1. (a) Large scale STM image of GST-225, V = −0.3V,
I = 100 pA, T = 300K; blue line marks the profile line shown
in the inset. (b) Atomically resolved STM image with inset at larger
magnification, V = −0.5 V, I = 100 pA, T = 300K, blue ar-
row marks a dark spot in the apparent atomic lattice. (c) DFT simu-
lated STM images of GST-225 with Te termination including SOC,
zDFT = 1.5 A˚, V = −0.35V, red (blue) arrow marks an exemplary
darkest (less dark) spot in the apparent atomic lattice (see text); red
triangle marks vacancy surrounded by three octahedrally bonded Te
atoms. (d) DFT simulated STM image of GST-225 with Ge/Sb/Vc
termination including SOC, zDFT = 2.3 A˚, V = −0.35V. (e) Same
as (c), but at zDFT = 5.0 A˚. (f) Same as (d), but at zDFT = 5.0 A˚.
The logarithmic color scale for (c)−(f) shows the integrated LDOS
from EF to −0.35 eV; a.u.: atomic units.
STS measurements directly, using the FLAPW method in
thin-film geometry [72, 73]. STM images are described ac-
cording to the Tersoff/Hamann model [54, 55], i.e. we inte-
grate the LDOS(E) from the energyE = EF toE = EF+eV
at a distance zDFT from the surface. The surface position is
therefore defined as the average position of the surface atoms.
We call this measure IDFT :=
∫ EF+eV
EF
LDOS(E)dE, since it
mimics the current map expected in constant height STM im-
ages. The resulting IDFT(x, y) is displayed using a logarith-
mic scale in order to ease the comparison with the experimen-
tal STM data, which are measured in constant current mode
(see eq. 1). With the help of the experimental I(z) curves,
spatial fluctuations of IDFT(x, y) at constant zDFT can be
converted into calculated, spatial zDFT(x, y) fluctuations as
expected in constant-current mode STM images.
IV. TE TERMINATION AND SUBSURFACE VACANCIES
Figure 1a shows a large scale STM image of the epitaxial
GST-225(111) surface. Atomically flat terraces with widths
in the 10 nm range and heights of 3.4± 0.1 A˚ are found [35].
This corroborates that the films are in the metastable phase,
which exhibits a distance between adjacent Te layers of 3.47 A˚
[74]. Atomically resolved STM images (Fig. 1b) show a reg-
ular hexagonal pattern with corrugations in the sub-A˚ regime
of a correlation length of 2− 3 atomic distances. Similar im-
ages are found everywhere on the sample after both types of
transfer (see also Fig. 2a).
Within images of 10 × 10 nm2, the corrugation exhibits a
Gaussian distribution with σ-width σ = 0.25 ± 0.05 A˚. For
comparison, Fig. 1c−f displays simulated STM images for a
GST-225 film with randomly disordered Ge/Sb/Vc layers em-
ploying DFT without SOC. They are displayed at two differ-
ent zDFT. For each case, they are shown for the energetically
favorable Te termination of the film (Fig. 1c, e) and without
the Te top layer, which is artificially removed after relaxation
(Fig. 1d, f). It is obvious that the regular hexagonal atomic
arrangement observed in the experiment is only compatible
with the Te termination. The simulated STM images at larger,
more realistic zDFT are slightly more blurred than in the ex-
periment. This is probably caused by the presence of tip or-
bitals with larger angular momentum, typically present in ex-
periments using a W tip, and improving the atomic resolution
[75].
The corrugation of the simulated, Te-terminated STM im-
ages is converted into a zDFT(x, y) corrugation, which ex-
hibits a Gaussian distribution with σ = 0.5 A˚, rather indepen-
dent on the spatially averaged zDFT. This reasonably fits with
the experiment (σ = 0.25 A˚), albeit being slightly larger. The
latter is caused by several dark spots in the calculated atomic
lattice (arrows in Fig. 1c, e), which are barely found in the
experiment (arrow in Fig. 1b). The darkest spots in the simu-
lated images exhibit a reduction of IDFT by a factor of about
15 with respect to the average value, which implies an appar-
ent depth in constant-current images of ∼ 1.4 A˚ [58]. The
dark spots are centered at Te positions of the surface layer,
which are adjacent to Vc positions in the underlying Ge/Sb/Vc
layer. The deepest depressions, exemplary marked by red ar-
rows in Fig. 1c, e, are surrounded by two subsurface Vcs. The
corresponding atoms are relaxed downwards by 1.2 A˚. Less
deep depressions (blue arrows in Fig. 1c,e) are surrounded by
a single subsurface Vc, but exhibit tetrahedral bonding to a
neighboring subsurface Ge atom, in addition. They are moved
downwards by 1.3 A˚, but appear less deep due to the mod-
ified LDOS by the different bonding (see below). We con-
clude that dark Te atoms indicate the presence of certain types
of subsurface vacancies. We find that ∼ 2/3 of the subsur-
face Vcs result in a depression in the simulated STM images.
The remaining 1/3 of subsurface Vcs (exemplary surrounded
by a red triangle in Fig. 1c,e) are surrounded by octahedrally
bonded surface Te atoms. These Te atoms are barely relaxed
in vertical direction and even appear slightly brighter than the
surrounding Te atoms.
Since the atomic resolution in the experiment appears
5sharper than in the DFT results (Fig. 1b,e), we rule out that our
tip is too blunt to observe the atomic scale depressions. Hence,
we conjecture that the subsurface layer contains significantly
less Vcs than expected for a totally mixed Ge/Sb/Vc layer.
This is in line with the observed XRD peak of these films,
indicating the formation of separate Vc layers, such that the
remaining Ge/Sb/Vc layers become vacancy poor [24].
V. POTENTIAL FLUCTUATIONS AT THE SURFACE
The fact that the surface is Te terminated could be regarded
as detrimental for STM investigations, since the more inter-
esting Ge/Sb/Vc layer is subsurface. However, Fig. 1f reveals
that a termination by a Ge/Sb/Vc layer would result in rather
irregular STM images, probably difficult to interpret. More-
over, fingerprints of the disordered subsurface layer can be
obtained by STM and STS still.
Firstly, we investigate potential fluctuations, which are
partly caused by charged defects (acceptors within GST-225)
surrounded by a long-range screened Coulomb potential. A
possibility to track the local potential Veff(x, y) within the
surface layer is to determine the spatially varying valence
band maximum (VBM) [76, 77]. Figure 2a−b indeed show
that the VB onset varies on the sub-nm length scale. The
scaled dI/dV curves also reveal that the VBM, exhibiting
a step-like appearance, is more clearly defined in the LDOS
than the conduction band minimum (CBM). A reasonable
measure of the VBM is given by the inflection point of the
LDOS, which is the local maximum of dI3/dV 3(V ) (inset
of Fig. 2(c)). It is displayed as a function of position in
Fig. 2c. The continuous spatial evolution implies that the
maximum indeed tracks Veff(x, y) of the surface layer. The
corrugation observed in this small area reveals a Gaussian
distribution with σ ' 20 mV (Fig. 2d). The correlation length
ξ is determined by the 1/e decay length of the angularly
averaged correlation function from Fig. 2c. It turns out to
be ξ = 1.8 nm. The mean value V VBM ' −60 mV is in
reasonable agreement with the previously determined VBM
by angular resolved photoelectron spectroscopy (ARPES),
being at E − EF = −105 ± 10 meV [26]. We note that
ARPES is more precise concerning the absolute value of the
VBM due to its wave vector resolution. Nevertheless, the
STM data corroborate that the VBM is well below EF for
epitaxial GST-225 within the metastable vacancy-ordered
phase [26]. In addition, we consistently observe a finite
dI/dVscaled within the band gap (Fig. 2b), i.e., in the energy
region of ' 0.5 eV above the VBM [26, 35, 78]. We attribute
this LDOS to the topological surface state found recently by
2-photon ARPES [26].
For comparison, we simulate the electrostatic potential
Veff(x, y, z) within GST-255 using randomly distributed bulk
acceptors employing a simulation, which is described in de-
tail elsewhere [79]. As a lower bound for the randomly dis-
tributed bulk acceptor density NA, we use the measured p-
type charge carrier density of identically prepared GST-225
films NA = p = 3 × 1026/m3 [24, 26]. Each acceptor is
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FIG. 2. (a) Atomically resolved STM image of GST-225 after UHV
transfer, V = −300 mV, I = 50 pA, T = 9 K, colored points
mark positions of spectra shown in (b). (b) Scaled dI/dV (V ) spec-
tra recorded at the positions marked in (a) with zoom into the region
of the valence band maximum (VBM) as inset, Vstab = −300 mV,
Istab = 50 pA, T = 9 K. (c) Map of the voltage at VBM
(VVBM) determined as the local maximum close to the VB onset
in d3I/dV 3(V ) curves (inset), same area as in (a). (d) Histogram
of VVBM (blue bars) with dashed, Gaussian fit curve of σ-width as
marked. (e) Vertical cut through the simulated electrostatic poten-
tial Veff(x, y, z) for randomly distributed bulk acceptors (red dots)
at density NA = 3 · 1026/m3. (f) Histogram of the potential values
Veff(x, y) at the surface resulting from multiple simulations (blue
bars). Gaussian fit curve with marked σ-width is added as a dashed
line.
described as a screened Coulomb potential
VCoul(r) =
e
4pi0r|r| exp (−|r|/λ) (3)
with the dielectric constants 0 of vacuum and r of GST-225,
the vector from the center of the acceptor r, and the screening
length λ, being λ−2 = 4( 3pi )
1
3 p
1
3 /aB with the Bohr radius
aB = 4pi~20r/meffe2. The static dielectric constant of GST-
225 is r = 33.3 [80] and the effective mass is meff = 0.35 ·
me (me: bare electron mass) [26]. This results in λ = 1.4 nm.
We simulate a volume of 20 × 140 × 140 nm3 containing
about 105 acceptors using a pixel grid of 1 nm3. The sample
6thickness of 20 nm is chosen as in the experiment. To avoid
boundary effects, we evaluate the resulting Veff(x, y) at the
surface only in the central surface area of 20 × 20 nm2. A
cut through the resulting potential with marked nearby accep-
tors is shown in Fig. 2e. The histogram of Veff(x, y) resulting
from ∼ 100 simulation runs exhibits a Gaussian distribution
with σ = 21 meV (Fig. 2 (f)), very close to the value found
in the experiment (σ ' 20 mV). The correlation length of the
simulation is ξ = 1.6 nm again very close to the experimental
value (ξ ' 1.8 nm).
Hence, albeit we do not have enough STS data to draw statis-
tically firm conclusions, it is obvious that the bulk acceptors
largely explain the observed potential fluctuations. In turn,
potential fluctuations resulting from the additional disorder in
the subsurface layer, being characteristic for sputtered, cubic
GST-225 films [29–31], barely matter. This is partly due to
the more short-range character of the potential surrounding
this type of uncharged disorder, but, more importantly, it re-
veals again the reduced disorder within the subsurface layer.
The latter is deduced straightforwardly from the compari-
son with the potential fluctuations of the simulated GST-225
film having completely randomized Ge/Sb/Vc layers. We
again use the inflection point of the LDOS at zDFT = 5 A˚
to pinpoint the energy of the VBM. The spatial distribution of
this energy turns out to exhibit a Gaussian with σ ' 50 meV
for the area displayed in Fig. 1c−f. This is significantly larger
than in the experiment (σ ' 20 mV).
VI. TETRAHEDRAL BONDING
A strong relaxation of the surface Te atoms next to vacan-
cies is apparent through the dark spots in Fig. 1c and e. This
might also change the bonding distance of Te atoms to the
neighboring Ge and Sb atoms within the Ge/Sb/Vc layer. The
resulting shorter bond length and bonding asymmetry points
to a resulting tetrahedral bonding configuration [40]. Note that
tetrahedral Ge bonds appear to reveal the strongest bonds in
amorphous GST-225 [81]. Indeed, we find tetrahedral bond-
ing configurations in the DFT data of the subsurface layer, but
not for the bulk.
Figure 3a and b show exemplary sketches of the relaxed
atomic structure of the bulk unit cell and the unit cell of the
slab with Te-terminated surfaces, respectively, according to
our DFT calculations. Figure 3c and d showcase the corre-
sponding radial distribution functions (RDFs) of interatomic
distances using all six computational results. The peak max-
ima in bulk RDFs for the different bonding partners (Fig. 3c)
are in good agreement with EXAFS and XRD results [45].
The smallest peak width is observed for the Te-Te distance
evidencing the large order in the Te layer. For the strongly dis-
cussed Ge-Te bonds [40, 46], the RDF exhibits two peaks, cor-
responding to the well-known three shorter and three longer
Ge-Te bonds [80, 82]. There are no indications of a bond
length d ≤ 2.7 A˚, which would be the hallmark of tetrahedral
Ge [40, 81].
The RDFs of the slabs with Te surfaces (Fig. 3d) reveal
slightly broader peaks for Te-Te bonds and Sb-Te bonds, high-
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FIG. 3. (a) Relaxed atomic positions of metastable rock-salt phase
of GST-225 of a bulk unit cell: Te atoms (grey), Sb atoms (red), Ge
atoms (orange). The atomic composition of the layers is marked. (b)
Relaxed atomic positions in a slab of metastable GST-225 terminated
by Te surface layers (space group P1, same color code as in (a)). The
central bulk-like area is shaded in grey. Note that all atomic posi-
tions have been relaxed. (c) Radial distribution functions of labeled
interatomic distances deduced from several bulk-type calculations as
displayed in (a). (d) same as (c), but for the models with Te termi-
nated surfaces as displayed in (b); arrow marks Ge-Te distance of
tetrahedral Ge bonding; a Gaussian smoothing has been applied to
ease visualization.
lighting the stronger flexibility of the atoms close to the sur-
face, but without changing peak positions or peak substruc-
tures. In contrast, the Ge-Te bond exhibits an additional peak
at d = 2.65 A˚ (arrow in Fig. 3d), which indicates tetrahedrally
coordinated Ge [83].
To identify the tetrahedral bonds in real space, coordina-
tion polyhedra are added around the subsurface atoms, prior
and after relaxation of the slab model (Fig. 4a, b). The ini-
tial structure (Fig. 4a) consists only of GeTe6 and SbTe6
octahdera with 6-fold coordination. In contrast, the relaxed
structure (Fig. 4b) also features a number of tetrahedral GeTe4
structures (orange tetrahedra). We checked that these tetra-
hedra correspond to the bond lengths d < 2.7 A˚ (Fig. 3d).
The subsurface layer, thus, exhibits tetrahedral Ge bonds in
contrast to the bulk. This exemplifies that the surface could
be different in structure implying differences in other relevant
properties. For example, the larger susceptibility of the sur-
face to tetrahedral Ge might be important for the switching
propagation at the interface to the amorphous phase, which is
known to contain more tetrahedral than octahedral Ge bonds
[81, 84, 85]. Notice that the tetrahedrally bonded Ge atoms
of the metastable film are always adjacent to a vacancy within
the Ge/Sb/Vc layer. We assume that this provides the required
flexibility of some of the Te bond partners, such that they
can move either closer or further apart from the respective Ge
atom.
Fortunately, we find that tetrahedral and octahedral Ge-Te
bonds exhibit a distinct LDOS close to EF (Fig. 4c, d). This
implies the possibility to distinguish them by STS. Figure 4c
7FIG. 4. (a), (b) Atomic positions of the upper three layers of one of
the slabs as in Fig. 3b (a) before and (b) after structural relaxation:
Te atoms (grey), Sb atoms (red), Ge atoms (orange); the coordination
of Ge and Sb atoms is highlighted by surrounding, semitransparent
polyhedra; octahedral Ge (grey), tetrahedral Ge (orange), octahedral
Sb (red); arrows mark atoms used in (d). (c) Calculated LDOS with-
out SOC for s+p+d orbitals integrated over the area of a tetrahedral
(red line, tet) and an octahedral (black line, oct) Ge-Te bond. (d)
Same as (c), but for the calculation with SOC and after integration
over the volume of surface Te atoms, which are next to Ge atoms.
The three tetrahedrally bonded Te atoms are marked by arrows in
(b).
shows two examples of the LDOS integrated over a tetrahe-
dral and an octahedral Ge-Te bond area. A strong peak at
the CBM characterizes the tetrahedral bond, which is found
similarly for all tetrahedral bonds with peak height variations
by up to a factor of three and slightly shifting peak energies
by up to 200 meV. In contrast, the octahedral bond exhibits a
comparatively featureless LDOS at the CBM. Including SOC
and integrating the LDOS across the surface Te atom next to
the tetrahedral bond changes details of the peak, but not its
general appearance (Fig. 4d). Also within the vacuum area
above the partially, tetrahedrally bonded surface Te atoms,
the appearance of the peak does not change, at least, up to
zDFT = 7 A˚ (Fig. 5a). The peak mostly consists of Ge 4s-
and the Te 5p-orbitals. We find that also under-coordinated
Te atoms close to vacancies exhibit a peak at the CBM, even
if not involved in a tetrahedral bond (blue atoms in inset of
Fig. 5a). Hence, the peak is a robust feature of the tetrahedral
bond or of vacancies, which should be visible in the STS data.
Surprisingly, however, we never observe such a peak in the
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FIG. 5. (a) Calculated LDOS in vacuum (zDFT = 7 A˚) integrated
over the equally colored diamonds in the inset, SOC included. Inset:
atomic structure of the upper three layers of the relaxed GST-225 slab
(same as Fig. 4b), Te atoms (grey, blue), Sb atoms (red), Ge atoms
(orange), diamonds are centered above octahedrally bonded (red)
and tetrahedrally bonded (green, blue) Te; orange pyramids surround
tetrahedrally bonded Ge; blue Te atoms are under-coordinated and
exhibit a peak at the CBM, too. (b) Spatially averaged dI/dV (V )
spectrum, Vstab = −300mV, Istab = 50 pA, T = 9K blue
lines mark the averaging interval used in (c). Inset: 2nd deriva-
tive of the main curve with marked band gap Egap. (c) Map of
d2I/dV 2(V ) averaged over V = 0.46 − 0.6V (blue lines in (b));
minimum and maximum positions are marked by a green and a red
circle, respectively. (d) Histogram of d2I/dV 2(V ) values from
(c). (e) dI/dV (V ) at the two extremal positions as marked in (c),
Vstab = −300mV, Istab = 50 pA, T = 9K.
experimental dI/dV curves. We also searched for smaller
features close to the CBM. Figure 5b−e exemplifies the
searching strategy. Firstly, the spatially averaged dI/dV
curve (Fig. 5b) corroborates the band gap Egap ' 0.5 eV [26,
35, 78] by the peak distance in spatially averaged d3I/dV 3
curves (inset). A distance of the peaks surrounding the gap
of Egap = 0.51 ± 0.04 eV is found. Secondly, the energy
region above the resulting CBM (V = 0.46− 0.6 eV) is stud-
ied in detail, e.g., by determining maps of the slope of dI/dV
within this voltage range (Fig. 5c). Fluctuations by up to a
8factor of three are visible (see also histogram in Fig. 5d), but
the resulting differences of the respective dI/dV curves are
small (Fig. 5e). These differences resemble the differences
that we found above different octahedrally bound Te atoms
within the DFT data (not shown). Hence, we exclude a signif-
icant amount of tetrahedral Ge in the subsurface layer.
It is likely that the suppression of tetrahedral bonds is re-
lated to the strongly reduced vacancy density in the subsurface
layer (Fig. 1). This prohibits the required relaxation of neigh-
boring Te atoms in order to realize the four shorter bonds of a
tetrahedral Ge. In that respect, it would be interesting to inves-
tigate sputtered films of GST-225 after UHV transfer, which
might exhibit the fingerprints of tetrahedral subsurface Ge in
STS due to their reduced tendency for vacancy ordering [24].
VII. INDIVIDUAL DEFECT CONFIGURATIONS
The investigations described above showcase that the sub-
surface layer of epitaxial, metastable GST-225 is significantly
ordered. Hence, we tried to identify individual defects by
comparison of the STM data with DFT calculations of an or-
dered, cubic GST-225 slab that includes only isolated defects
(Fig. 7d−f).
We start with the attempt to single out features in a com-
pletely disordered subsurface layer. Figure 6a and b show two
simulated STM images, i.e., IDFT :=
∫ eV
EF
LDOS(E)dE in
logarithmic scale, at zDFT = 4 A˚, for positive and negative
V , respectively. The positions of subsurface atoms are su-
perimposed. Obviously, the appearance of the STM image
depends on the voltage polarity in line with the experimen-
tal data (Fig. 6e−f). For example, the intensity relation be-
tween two neighboring apparent Te atoms inverts with volt-
age polarity at the positions below the blue and green line in
Fig. 6a−b. This peak height inversion is more clearly appar-
ent within the profile lines of Fig. 6c−d, where the maxima are
labeled by I1−I4. A peak height inversion between neighbor-
ing Te atoms is also observed in the STM data as shown ex-
emplary in Fig. 6e−h. The peak intensity ratios in the exper-
iment are deduced by Gaussian fits (blue lines in Fig. 6g−h)
as I1/I2 = 1.9 at positive V and I3/I4 = 0.7 at negative
V . The simulations (Fig.6c−d) exhibit I1/I2 = 2.9 (2.0)
and I3/I4 = 0.8 (0.5) for the blue (green) profile lines. This
constitutes a reasonable agreement. Experimentally, we find a
density of clearly inverting atom pairs, i.e., I1/I2 ≥ 1.2 and
I3/I4 ≤ 0.9, ninv = (0.3 ± 0.1)/nm2, which is smaller than
in the DFT data (ninv = (0.7± 0.1)/nm2), but well within the
same order of magnitude.
One might be tempted to relate the inverting features to a
particular atomic subsurface configuration. However, from
the DFT data (Fig. 6a−b), we deduce directly that the atomic
subsurface configuration at the green line is different from
the one at the blue line. Hence, it is impossible to relate
the qualitative LDOS feature of inverted relative intensity of
two neighboring surface Te atoms to an atomic subsurface
configuration. This assignment problem is strongly related
to the shear amount of possible bond partner configurations
of the two neighboring surface Te atoms, which amounts to
FIG. 6. (a), (b) Simulated STM images of a Te terminated GST-225
slab with disordered subsurface layer, zDFT = 4 A˚, different V as
marked, without SOC; positions of Ge atoms (yellow crosses) and Sb
atoms (red diamonds) are overlaid; lines mark profile lines shown in
(c), (d). (c), (d) Profile lines as marked in (a), (b), respectively; note
the three different scales, which are directly comparable; peaks are
labeled for comparison with the experimental data in (e)−(h). (e), (f)
Atomically resolved STM images of the identical area, I = 50 pA,
T = 300K (e) V = +0.6V, (f) V = −0.6V; black lines mark
the position of the scaled profile lines in (g), (h). (g), (h) Profile
lines along the lines in (e), (f), respectively, after scaling into ISTM
according to eq. (1); Gaussian fit curves (blue) with maxima marked
I1 − I4 are added.
35 = 243, assuming a complete randomness of Ge, Sb and
Vcs in the subsurface layer.
Nevertheless, we find some more isolated corrugation fea-
tures, which look strikingly similar to energetically favorable
defect configurations within an ordered GST-225 slab. The
first type is a Sb vacancy (VcSb) in the subsurface layer S-
1 ( Fig. 7a,d), which is surrounded by octahedrally bonded
Sb and Te atoms. It has a formation energy of 0.42 eV. The
second type is an antisite defect (SbTe), where the Sb atom
occupies a place in the Te layer S-2, which is two layers be-
low the surface (Fig. 7b). This defect exhibits a formation
energy of 0.51 eV. The third type is a vacancy at a Ge place
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FIG. 7. (a)−(c) Simulated IDFT(x, y) images in logarithmic scale
at zDFT = 4 A˚, V = −1.0V , for three different defect configu-
rations as sketched in (d)−(f), respectively, without SOC; the white
parallelogram marks the in-plane unit cell of the calculation (side
length 1.68 nm); the defects are located in the center of the in-plane
unit cell; dashed lines show the position of cuts in (d)−(f). (d)−(f)
Atomic structure of the defect configurations of a vertical cut along
the dashed line marked in (a)−(c); atomic symbols are labeled in (d);
note that some of the displayed atoms are not centered at the dashed
cutting line of (a)−(c). (g)−(h) STM images of characteristic tri-
angular protrusions, V = −0.5V, I = 100 pA, T = 300K; black
lines mark profile lines shown in (j)−(l). (j)−(l) Profile lines across
the protrusions as marked in (g)−(i), respectively; arrows mark the
largest maxima along the line.
(VcGe) in the layer S-3, three layers below the surface, (Fig.
7c) with negative formation energy of −0.32 eV [36]. We
cannot exclude a remaining small interaction between defects
in neighboring unit cells due to the limited cell size, which,
however, will not change these energies significantly.
All three types of defects lead to triangular features in the
corresponding, simulated STM images. The feature size in-
creases with the depth of the defect below the surface as ex-
pected. The subsurface Vc leads to three slightly brighter Te
atoms on top (Fig. 7a) in line with the observation for subsur-
face Vcs surrounded by octahedrally bonded Te in Fig. 1c,e
(red triangles). Such structures are also found in the exper-
imental data (Fig. 7g,j) indicating that the subsurface layer
is not completely depleted of Vcs. Other types of triangular
structures are also found in the experiment with side length
of 3 − 4 Te atoms (Fig. 7h,i,k,l) implying that the corre-
sponding defects are located deeper than subsurface. These
triangularly appearing defects are distributed rather homoge-
neously across the surface (see e.g. Fig. 1 (b)) with an areal
density of ndefect ' (1.5 ± 0.5) · 10−4/nm2. This number
could be regarded as an upper bound for the number of sub-
surface vacancies, which would be ∼ 10−4 of the subsurface
atoms. Note that 10−4 is exactly the vacancy (acceptor) per-
centage required to explain the measured charge carrier den-
sity p = 3 · 1026/m3 of identically prepared samples [26].
More importantly, the rather separated and, thus, dilute defect
structures, some of them probably even belonging to defects
below the subsurface layer, corroborate that the subsurface
area is significantly more ordered than usually expected for
the meta-stable rock-salt structure (compare Fig. 1c−f).
VIII. SUMMARY
Using combined STM and DFT studies, we have explored
the subsurface Ge/Sb/Vc layer of epitaxial, metastable GST-
225, which appears to become a model system for a more de-
tailed atomistic investigation of the technologically important
phase change materials. We confirmed experimentally that the
epitaxial films are Te-terminated. Additionally, we reveal that
the subsurface layer is much more ordered than expected. In
particular, it is strongly depleted of vacancies, which would
mostly appear at depressions in the STM images of the Te
layer. The alternative appearance of vacancies as a protrusion,
in case of being surrounded by octahedrally bonded atoms,
has been found with a density of less than 2 · 10−4/nm2, i.e.,
by three orders of magnitude smaller than expected for a com-
pletely disordered subsurface layer. Moreover, we find that
the potential fluctuations within the surface layer (∼ 20 meV)
are much less than expected from a disordered subsurface
layer and are likely explainable by the charged acceptors (Ge
vacancies) within the bulk of the system only. Finally, we
have shown that a disordered subsurface layer would be prone
to tetrahedral Ge bonds, exhibiting a strong peak in the LDOS
at the conduction band minimum, which is, however, absent
in the epitaxial films due to the increased order. We assume
that the absence of vacancies does not allow the required re-
laxation around the shorter tetrahedral bonds.
IX. ACKNOWLEDGMENT
We appreciate financial support by the German Science
Foundation (DFG): SFB 917, Project A1 and A3; V.L.D.
thanks the German Academic Scholarship Foundation for a
doctoral fellowship; G.B. gratefully acknowledges the com-
puting time provided on the JARA-HPC Partition part of
the supercomputer JURECA at Forschungszentrum Ju¨lich.
The work was partly supported by the Leibniz Gemein-
schaft within the Leibniz Competition on the project Epitaxial
phase change superlattices designed for investigation of non-
thermal switching.
10
[1] M. Wuttig and N. Yamada, Nat. Mater. 6, 824 (2007).
[2] M. Wuttig and S. Raoux, Z. Anorg. Allg. Chem. 638, 2455
(2012).
[3] S. R. Ovshinsky, Phys. Rev. Lett. 21, 1450 (1968).
[4] N. Yamada, E. Ohno, N. Akahira, K. Nishiuchi, K. Nagata, and
M. Takao, Jpn. J. Appl. Phys. 26, 61 (1987).
[5] S. Raoux, W. Wełnic, and D. Ielmini, Chem. Rev. 110, 240
(2009).
[6] D. Lencer, M. Salinga, and M. Wuttig, Adv. Mat. 23, 2030
(2011).
[7] N. Yamada, E. Ohno, K. Nishiuchi, N. Akahira, and M. Takao,
J. Appl. Phys. 69, 2849 (1991).
[8] D. Loke, T. H. Lee, W. J. Wang, L. P. Shi, R. Zhao, Y. C. Yeo,
T. C. Chong, and S. R. Elliott, Science 336, 1566 (2012).
[9] F. Xiong, A. D. Liao, D. Estrada, and E. Pop, Science 332, 568
(2011).
[10] D. Lencer, M. Salinga, B. Grabowski, T. Hickel, J. Neugebauer,
and M. Wuttig, Nat. Mater. 7, 972 (2008).
[11] V. L. Deringer, R. Dronskowski, and M. Wuttig, Adv. Funct.
Mater. 25, 6343 (2015).
[12] P. M. Konze, V. L. Deringer, and R. Dronskowski, Chem.
Mater. 28, 6682 (2016).
[13] A. Lotnyk, U. Ross, S. Bernu¨tz, E. Thelander, and
B. Rauschenbach, Sci. Rep. 6, 26724 (2016).
[14] T. F. Kelly and M. K. Miller, Rev. Sci. Instr. 78, 031101 (2007).
[15] O. Cojocaru-Mire´din, L. Abdellaoui, M. Nagli, S. Zhang, Y. Yu,
C. Scheu, D. Raabe, M. Wuttig, and Y. Amouyal, ACS Appl.
Mat. Int. 9, 14779 (2017).
[16] V. Weidenhof, I. Friedrich, S. Ziegler, and M. Wuttig, J. Appl.
Phys. 86, 5879 (1999).
[17] D. Subramaniam, C. Pauly, M. Liebmann, M. Woda, P. Rausch,
P. Merkelbach, M. Wuttig, and M. Morgenstern, Appl. Phys.
Lett. 95, 103110 (2009).
[18] S. H. Pan, E. W. Hudson, and J. C. Davis, Appl. Phys. Lett. 73,
2992 (1998).
[19] J. Wiebe, A. Wachowiak, F. Meier, D. Haude, T. Foster,
M. Morgenstern, and R. Wiesendanger, Rev. Sci. Instr. 75, 4871
(2004).
[20] C. Wittneven, R. Dombrowski, M. Morgenstern, and
R. Wiesendanger, Phys. Rev. Lett. 81, 5616 (1998).
[21] F. Katmis, R. Calarco, K. Perumal, P. Rodenbach, A. Giussani,
M. Hanke, A. Proessdorf, A. Trampert, F. Grosse, R. Shayduk,
R. Campion, W. Braun, and H. Riechert, Cryst. Growth Des.
11, 4606 (2011).
[22] P. Rodenbach, R. Calarco, K. Perumal, F. Katmis, M. Hanke,
A. Proessdorf, W. Braun, A. Giussani, A. Trampert,
H. Riechert, P. Fons, and A. V. Kolobov, Phys. Stat. Sol. R
6, 415 (2012).
[23] V. Bragaglia, B. Jenichen, A. Giussani, K. P. H. Riechert, and
R. Calarco, J. Appl. Phys. 116, 054913 (2014).
[24] V. Bragaglia, F. Arciprete, W. Zhang, A. M. Mio, E. Zallo,
K. Perumal, A. Giussani, S. Cecchi, J. E. Boschker, H. Riechert,
S. Privitera, E. Rimini, R. Mazzarello, and R. Calarco, Sci.
Rep. 6, 23843 (2016).
[25] S. Cecchi, E. Zallo, J. Momand, R. Wang, B. Kooi, M. Verhei-
jen, and R. Calarco, APL Mater. 5, 026107 (2017).
[26] J. Kellner, G. Bihlmayer, M. Liebmann, S. Otto, C. Pauly,
J. Boschker, V. Bragaglia, S. Cecchi, R. N. Wang, V. L. De-
ringer, P. Ku¨ppers, P. Bhaskar, E. Golias, J. Sanchez-Barriga,
T. Fauster, O. Rader, R. Calarco, and M. Morgenstern,
arXiv:1708.08787 (2017).
[27] Z. Zhang, J. Pan, Y. L. Foo, L. W.-W. Fang, Y.-C. Yeo, R. Zhao,
L. Shi, and T.-C. Chong, Appl. Surf. Sci. 256, 7696 (2010).
[28] J. E. Boschker and R. Calarco, Adv. Phys.: X 2, 675 (2017).
[29] W. Zhang, A. Thiess, P. Zalden, R. Zeller, P. H. Dederichs, J.-Y.
Raty, M. Wuttig, S. Blu¨gel, and R. Mazzarello, Nat. Mater. 11,
952 (2012).
[30] W. Zhang, M. Wuttig, and R. Mazzarello, Sci. Rep. 5, 13496
(2015).
[31] B. Zhang, W. Zhang, Z. Shen, Y. Chen, J. Li, S. Zhang,
Z. Zhang, M. Wuttig, R. Mazzarello, E. Ma, and X. Han, Appl.
Phys. Lett. 108, 191902 (2016).
[32] T. Matsunaga and N. Yamada, Phys. Rev. B 69, 104111 (2004).
[33] T. Matsunaga, R. Kojima, N. Yamada, K. Kifune, Y. Kubota,
Y. Tabata, and M. Takata, Inorg. Chem. 45, 2235 (2006).
[34] T. Matsunaga, H. Morita, R. Kojima, N. Yamada, K. Kifune,
Y. Kubota, Y. Tabata, J.-J. Kim, M. Kobata, E. Ikenaga, and
K. Kobayashi, J. Appl. Phys. 103, 093511 (2008).
[35] C. Pauly, M. Liebmann, A. Giussani, J. Kellner, S. Just,
J. Sanchez-Barriga, E. Rienks, O. Rader, R. Calarco,
G. Bihlmayer, and M. Morgenstern, Appl. Phys. Lett. 103,
243109 (2013).
[36] M. Wuttig, D. Lu¨sebrink, D. Wamwangi, W. Wełnic,
M. Gilleßen, and R. Dronskowski, Nat. Mater. 6, 122 (2006).
[37] A. H. Edwards, A. C. Pineda, P. A. Schultz, M. G. Martin, A. P.
Thompson, H. P. Hjalmarson, and C. J. Umrigar, Phys. Rev. B
73, 045210 (2006).
[38] T. Scha¨fer, P. M. Konze, J. D. Huyeng, V. L. Deringer,
T. Lesieur, P. Mu¨ller, M. Morgenstern, R. Dronskowski, and
M. Wuttig, Chem. Mat. 29, 6749 (2017).
[39] H. Volker, Disorder and electrical transport in phase-change
materials, Ph.D. thesis, RWTH Aachen University (2013).
[40] X. Q. Liu, X. B. Li, L. Zhang, Y. Q. Cheng, Z. G. Yan, M. Xu,
X. D. Han, S. B. Zhang, Z. Zhang, and E. Ma, Phys. Rev. Lett.
106, 025501 (2011).
[41] A. Lotnyk, S. Bernu¨tz, X. Sun, U. Ross, M. Ehrhardt, and
B. Rauschenbach, Acta Mater. 105, 1 (2016).
[42] X. Sun, M. Ehrhardt, A. Lotnyk, P. Lorenz, E. Thelander, J. W.
Gerlach, T. Smausz, U. Decker, and B. Rauschenbach, Sci.
Rep. 6, 28246 (2016).
[43] S. Kohara, K. Kato, S. Kimura, H. Tanaka, T. Usuki, K. Suzuya,
H. Tanaka, Y. Moritomo, T. Matsunaga, N. Yamada, Y. Tanaka,
H. Suematsu, and M. Takata, Appl. Phys. Lett. 89, 201910
(2006).
[44] P. Fons, A. V. Kolobov, J. Tominaga, S. Kohara, M. Takata,
T. Matsunaga, N. Yamada, and S. Bokoch, Phys. Rev. Lett.
108, 239603 (2012).
[45] A. V. Kolobov, P. Fons, A. I. Frenkel, A. L. Ankudinov, J. Tom-
inaga, and T. Uruga, Nat. Mater. 3, 703 (2004).
[46] M. Krbal, A. V. Kolobov, P. Fons, J. Tominaga, S. R. Elliott,
J. Hegedus, A. Giussani, K. Perumal, R. Calarco, T. Matsunaga,
N. Yamada, K. Nitta, and T. Uruga, Phys. Rev. B 86, 045212
(2012).
[47] J.-Y. Raty, C. Bichara, R. Mazzarello, P. Rausch, P. Zalden, and
M. Wuttig, Phys. Rev. Lett. 108, 239601 (2012).
[48] J. Kalikka, J. Akola, and R. O. Jones, Phys. Rev. B 90, 184109
(2014).
[49] S. Sen, T. G. Edwards, J.-Y. Cho, and Y.-C. Joo, Phys. Rev.
Lett. 108, 195506 (2012).
[50] J. E. Boschker, J. Momand, V. Bragaglia, R. Wang, K. Perumal,
A. Giussani, B. J. Kooi, H. Riechert, and R. Calarco, Nano
Lett. 14, 3534 (2014).
11
[51] M. Liebmann, J. R. Bindel, M. Pezzotta, S. Becker, F. Muckel,
T. Johnsen, C. Holl, C. R. Ast, and M. Morgenstern,
arXiv:1707.09518 (2017).
[52] V. Geringer, M. Liebmann, T. Echtermeyer, S. Runte,
M. Schmidt, R. Ru¨ckamp, M. C. Lemme, and M. Morgenstern,
Phys. Rev. Lett. 102, 076102 (2009).
[53] L. V. Yashina, R. Pu¨ttner, V. S. Neudachina, T. S. Zyubina, V. I.
Shtanov, and M. V. Poygin, J. Appl. Phys. 103, 094909 (2008).
[54] J. Tersoff and D. R. Hamann, Phys. Rev. Lett. 50, 1998 (1983).
[55] J. Tersoff and D. R. Hamann, Phys. Rev. B 31, 805 (1985).
[56] J. Kroeger, H. Jensen, and R. Berndt, New. J. Phys. 9, 153
(2007).
[57] T. Mashoff, M. Pratzer, V. Geringer, T. J. Echtermeyer, M. C.
Lemme, M. Liebmann, and M. Morgenstern, Nano Lett. 10,
461 (2010).
[58] M. Morgenstern, Surf. Rev. Lett. 10, 933 (2003).
[59] N. M. Freitag, L. A. Chizhova, P. Nemes-Incze, C. R. Woods,
R. V. Gorbachev, Y. Cao, A. K. Geim, K. S. Novoselov,
J. Burgdo¨rfer, F. Libisch, and M. Morgenstern, Nano Lett. 16,
5798 (2016).
[60] J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett. 77,
3865 (1996).
[61] G. Kresse and J. Furthmu¨ller, Comput. Mater.Sci. 6, 15 (1996).
[62] G. Kresse and J. Furthmu¨ller, Phys. Rev. B 54, 11169 (1996).
[63] G. Kresse and D. Joubert, Phys. Rev. B 59, 1758 (1999).
[64] P. E. Blo¨chl, Phys. Rev. B 50, 17953 (1994).
[65] C. Steimer, V. Coulet, W. Welnic, H. Dieker, R. Detemple,
C. Bichara, B. Beuneu, J.-P. Gaspard, and M. Wuttig, Adv.
Mat. 20, 4535 (2008).
[66] N. Yamada and T. Matsunaga, J. Appl. Phys. 88, 7020 (2000).
[67] J. L. F. D. Silva, A. Walsh, and H. Lee, Phys. Rev. B 78, 224111
(2008).
[68] V. L. Deringer and R. Dronskowski, J. Phys. Chem. C 117,
15075 (2013).
[69] E. Wimmer, H. Krakauer, M. Weinert, and A. J. Freeman, Phys.
Rev. B 24, 864 (1981).
[70] I. Silkin, Y. Koroteev, G. Bihlmayer, and E. Chulkov, Appl.
Surf. Sci. 267, 169 (2013).
[71] B. J. Kooi and J. T. M. D. Hosson, J. Appl. Phys. 92, 3584
(2002).
[72] H. Krakauer, M. Posternak, and A. J. Freeman, Phys. Rev. B
19, 1706 (1979).
[73] P. Ferriani, C. Lazo, and S. Heinze, Phys. Rev. B 82, 054411
(2010).
[74] T. Nonaka, G. Ohbayashi, Y. Toriumi, Y. Mori, and
H. Hashimoto, Thin Solid Films 370, 258 (2000).
[75] C. J. Chen, Phys. Rev. Lett. 65, 448 (1990).
[76] H. Salemink, J. Vac. Sci. Technol. B 9, 779 (1991).
[77] P. H. Weidlich, R. E. Dunin-Borkowski, and P. Ebert, Phys.
Rev. B 84, 085210 (2011).
[78] B.-S. Lee, J. R. Abelson, S. G. Bishop, D.-H. Kang, B.-K.
Cheong, and K.-B. Kim, J. Appl. Phys. 97, 093509 (2005).
[79] J. R. Bindel, M. Pezzotta, J. Ulrich, M. Liebmann, E. Y. Sher-
man, and M. Morgenstern, Nat. Phys. 12, 920 (2016).
[80] K. Shportko, S. Kremers, M. Woda, D. Lencer, J. Robertson,
and M. Wuttig, Nat. Mater. 7, 653 (2008).
[81] T. H. Lee and S. R. Elliott, Adv. Mat. 29, 1700814 (2017).
[82] J. Robertson, K. Xiong, and P. Peacock, Thin Solid Films 515,
7538 (2007).
[83] T. Rosenthal, M. N. Schneider, C. Stiewe, M. Do¨blinger, and
O. Oeckler, Chem. Mater. 23, 4349 (2011).
[84] G. C. Sosso, S. Caravati, R. Mazzarello, and M. Bernasconi,
Phys. Rev. B 83, 134201 (2011).
[85] M. Krbal, A. V. Kolobov, P. Fons, J. Tominaga, S. R. Elliott,
J. Hegedus, and T. Uruga, Phys. Rev. B 83, 054203 (2011).
